Stainless steel surfaces coated with paints containing a silver-and zinc-containing zeolite (AgION antimicrobial) were assayed in comparison to uncoated stainless steel for antimicrobial activity against vegetative cells and spores of three Bacillus species, namely, B. anthracis Sterne, B. cereus T, and B. subtilis 168. Under the test conditions (25°C and 80% relative humidity), the zeolite coating produced approximately 3 log 10 inactivation of vegetative cells within a 5-to 24-h period, but viability of spores of the three species was not significantly affected.
Metals such as silver and zinc have long been recognized for their broad-spectrum antimicrobial properties, and a number of preparations containing silver and/or zinc have been formulated for reducing infections of indwelling catheters and stainless steel orthopedic devices (reviewed in references 1, 2, 7, 9, 11, and 13). An interesting advance in technology has been to trap silver and zinc ions within zeolites (inorganic ceramics) and to apply these compounds to various materials as longlasting antimicrobial treatments (8, 14) . Commercial concerns have claimed that application of silver-zinc zeolite coatings to stainless steel surfaces such as air ducts, countertops, or food preparation areas can reduce the bacterial load, hence lowering the risk of contamination by pathogenic or food spoilage microorganisms. However, controlled studies testing the efficacy of such preparations are scarce. Therefore, the present study was undertaken to test claims of the antibacterial properties of a particular silver-zinc zeolite preparation, the AgION antimicrobial, applied to stainless steel sheets. The challenge organisms used were species of the genus Bacillus, chosen for their environmental ubiquity, their ability to form resistant spores, and their known roles as agents of food poisoning (B. cereus, B. anthracis), food spoilage (B. subtilis), and bioterrorism (B. anthracis).
The bacterial strains used, namely, B. cereus strain T (WN129), B. subtilis strain 168 (WN131), and B. anthracis Sterne (WN742), were from the communicating author's laboratory collection. Vegetative cells of all strains were produced as follows. Overnight cultures grown in liquid Luria-Bertani (LB) medium (5) were diluted to an optical density of 10 Klett units (Klett-Summerson colorimeter, no. 66 red filter) into 10 ml of fresh LB medium and incubated in a rotary shaker (New Brunswick G76; 300 rpm, 37°C) to 300 Klett units (ϳ10 8 (12) at 37°C for 72 h in a rotary shaker with vigorous aeration. Spores were harvested by centrifugation (10,000 ϫ g for 10 min at 25°C), purified using the lysozyme and buffer-washing technique described by Nicholson and Setlow (6), heat shocked (80°C, 10 min), and stored at 4°C in phosphate-buffered saline (PBS) (10 mM potassium phosphate, 150 mM NaCl [pH 7.4]).
Stainless steel coupons (5 by 5 cm), either uncoated or coated with AgION antimicrobial, were kindly provided by AK Coatings, Middletown, Ohio. AgION antimicrobial contained 2.5% (wt/wt) silver and 14% (wt/wt) zinc and was applied onto stainless steel coupons to a final thickness of 0.5 mm (0.2 mil). In preliminary experiments, it was observed that the inactivation efficiency of AgION antimicrobial-coated steel was reduced after autoclaving (data not shown). Therefore, before use, all coupons were disinfected by swabbing thoroughly with 95% ethanol, rinsing with 95% ethanol, and air drying inside sterile petri dishes. Vegetative cells or spores were diluted in PBS to ϳ10 6 to 10 7 CFU/ml, and samples of diluted suspensions (0.5 ml) were spotted directly onto the center of AgION antimicrobial-coated or uncoated stainless steel coupons contained within sterile petri dishes. Dishes were covered and placed within a humidity chamber (25°C, 80% relative humidity) to prevent drying. At intervals of 0, 2, 6, 24, 46, or 48 h, samples were harvested by adding 9.5 ml of sterile PBS directly onto the coupon in the petri plate, and cells or spores were resuspended by swabbing the coupon extensively with a sterile disposable inoculation loop. The resulting resuspended cells (total volume, 10 ml) were diluted serially 10-fold in PBS. Aliquots of 0.1 ml from each dilution were plated in duplicate on Schaeffer's sporulation medium solidified with 1.7% agar, plates were incubated overnight at 37°C, colonies were counted, and the concentration of viable spores or cells was calculated. The surviving fraction of spores or cells (S/S 0 ) was calculated by dividing the viable titer at any given time point (S) by the viable titer at 0 h (S 0 ), and the log 10 (S/S 0 ) was computed. Each experiment was repeated three times (four times with B. anthracis Sterne vegetative cells). Basic statistics were calculated and analysis of variance was performed using Minitab version 10.5 software.
Vegetative cells of the three Bacillus spp. were not inactivated after 24 h of contact with uncoated stainless steel; in fact, viable counts of B. anthracis Sterne and B. subtilis 168 were observed to increase slightly (Fig. 1) . In contrast, vegetative cells were inactivated by at least 3 orders of magnitude by 24 h of contact with AgION antimicrobial-coated stainless steel (Fig. 1) . Interestingly, the kinetics of vegetative cell inactivation differed for each of the three species tested. Statistically significant inactivation by AgION antimicrobial-coated steel relative to the control was first detected at 2 h with B. anthracis Sterne (P ϭ 0.011), at 6 h with B. subtilis 168 (P ϭ 0.024), and not until 24 h with B. cereus T (P Ͻ 0.001) (Fig. 1) .
Using the same protocol described above for vegetative cells, spores of B. subtilis 168, B. cereus T, and B. anthracis Sterne were exposed to either bare stainless steel or AgIONcoated stainless steel for up to 46, 48, and 24 h, respectively (Table 1) . No spore inactivation was apparent, and plotting of the data yielded no discernible trend lines (data not shown). Testing of the data by analysis of variance yielded no significant differences in the spore titers on bare steel versus AgIONcoated steel (Table 1) . Therefore, in sharp contrast to the data showing efficacy of the AgION antimicrobial for inactivation of vegetative cells, spores of the three Bacillus spp. appeared to be completely resistant to inactivation under the same conditions.
In conclusion, the silver-zinc zeolite present in AgION antimicrobial-coated stainless steel is effective at inactivating vegetative cells of three Bacillus spp. tested. However, it should be stressed that the efficacy of the AgION antimicrobial was determined under laboratory conditions where parameters such as the suspension medium, ionic strength, pH, temperature, and relative humidity were strictly controlled. In actual practice, such environmental parameters will of course exhibit considerable variation, as cells may be (i) contained in food or other biological materials containing large amounts of organic matter and having various pH values and ionic strengths; (ii) subjected to drying and variations in relative humidity; or (iii) subjected to wide-ranging temperatures, including refrigera- tion, for example. Clearly, additional studies are needed to assess the efficacy of the AgION antimicrobial under conditions which much more closely simulate field applications. Also, the data suggest that in vegetative cells of the three Bacillus laboratory strains tested, there may be species-specific differences in the intrinsic sensitivity to the silver and zinc ions within the AgION antimicrobial, suggesting the need for further testing of the coating for efficacy against known foodborne and clinical Bacillus isolates.
Consistent with the above observations, Takai et al. (14) have recently reported strain-, species-, and environment-specific differences in the inactivation rates of various bacteria exposed to silver zeolites. What could account for these differences? Recent evidence indicates that the antibacterial activity of silver zeolites results from the generation of reactive oxygen species (ROS) derived from dissolved oxygen in aerobic environments, including superoxide anions, hydrogen peroxide, hydroxyl radicals, and singlet oxygen, and that the antibacterial activity of silver zeolites can be inhibited by ROS scavengers (4) . In this context, it makes sense that the different species of Bacillus used in this study exhibited greater or lesser sensitivity to antibacterial zeolites due to intrinsic differences in their abilities to handle oxidative stress (3) .
Furthermore, it is not surprising that dormant spores are resistant to silver-zinc zeolites owing to the high resistance to ROS conferred by the spore coat layers (10) . Addressing such considerations could lead to the design and development of more effective antimicrobial coatings.
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